Oxidant generation catalyzed by metals has been postulated to account for a lung injury following exposure to air pollution particles. In particles that are predominantly carbonaceous, it is difficult to implicate such an oxidative stress as the responsible mechanism, since concentrations of metals can be extremely low. Comparable to these air pollution particles, mineral oxide particles can include only minute amounts of metal, but lung injury following their exposure can be associated with an accumulation of endogenous iron from the host and an oxidative stress. We tested the hypothesis that diesel exhaust particulate (DEP) effects an accumulation of biologically active iron in the rat lung, with both oxidative stress and a lung injury resulting. Characterization of the DEP confirmed a high concentration of carbon, whereas metals were low in quantity. The concentration of total lavage iron in animals instilled with saline was low, but this concentration increased with exposure to DEP. Non-heme iron in lung tissue was similarly elevated after instillation of the diesel product. Particle instillation was associated with a decrease in lavage ascorbate concentration supporting an oxidative stress. Relative to saline exposure, DEP resulted in elevated lavage concentrations of the inflammatory mediators macrophage inflammatory protein-2 and tumor necrosis factor. Finally, an injury after particle instillation was evident with increased neutrophils and an elevation of lavage protein and lactic dehydrogenase. We conclude that DEP exposure effected an accumulation of iron in the rat lung. This accrual of iron was associated with an oxidative stress, release of oxidant-sensitive mediators, and a neutrophilic lung injury.
INTRODUCTION
Epidemiologic studies have established a relationship between exposure to air pollution particles and human mortality and morbidity. This excess mortality and morbidity has been attributed to an injury of the lung. The mechanism of this injury after exposure to air pollution particles is not known, but it has been postulated that this mechanism is mediated by ultrafine particles, biological agents, acid aerosols, and polyaromatic hydrocarbons. Oxidant generation catalyzed by metals associated with air pollution particle exposure could also account for this lung injury following exposure. Using a particle with abundant concentrations of metals (ie, a residual oil fly ash), correlations between metal-catalyzed oxidative stress and cell signaling (33) , activation of transcription factors (30) , cellular release of inflammatory mediators (4) , and lower respiratory injury in vivo (7) have been delineated. This compilation of studies supports a participation of metals in the mediation of the biological activity of this specific emission source air pollution particle.
The majority of emission and ambient air pollution particles do not contain a quantity of metal approaching that included in oil fly ash (12, 29) . It is difficult to im-plicate metal-catalyzed oxidative stress as the responsible mechanism of lung injury after exposure to particles that are predominantly carbonaceous, since concentrations of biologically active metals contained by the particle can be small. Comparable to air pollution particles, mineral oxide particles (eg, silicas) can include only minute amounts of metal. However, injury following silica exposure is associated with an accumulation of iron in lung tissue and an oxidative stress (9) . These inorganic particles form coordination complexes with endogenous iron via surface hydroxyl groups. Such mobilization of host iron results in an increased concentration of biologically active iron in the environment of the lower respiratory tract in exposed individuals (9) . Similar to mineral oxide particles, air pollution particles that are predominantly carbonaceous in their composition could disrupt normal iron metabolism in the lung, effect an accumulation of the iron, introduce an oxidative stress, and affect a biological effect. We tested the hypothesis that diesel exhaust particulate (DEP) effects an accumulation of biologically active iron in the rat lung, and both an oxidative stress and a lung injury resulted.
METHODS
Materials. Diesel particles were collected from conduits that directed the flow of exhaust from a 1980, 5.7-L Oldsmobile V-8 engine. Fuel that met US Environmental Protection Agency (US EPA) certification standards was used (D-2 diesel control fuel, Phillips Chemical, Borger, TX). Details of the exhaust have been reported (22) . All other materials were obtained from FIGURE Concentration of total iron in lavage fluid. Lavage iron was measured using ICPES (X = 238.204). After particle exposure, lavage concentrations of iron were significantly elevated in the rats. *Significantly increased relative to animals instilled with saline.
Sigma Chemical Co (St. Louis, MO), unless otherwise specified.
Particle Characterization and Measurement of Ionizable Concentrations of Metals. Elemental analyses of carbon, oxygen, and hydrogen in the diesel emission particle were accomplished by employing either infrared or thermal conductivity assays (Galbraith Labs, Knoxville, TN). Nitrogen content was measured using thermal conductivity after acid digest (Galbraith Labs). Mineral ash analysis was performed using inductively coupled plasma emission spectroscopy (ICPES; Perkin Elmer 400, Norwalk, CT) after acid digest.
X-ray photoelectron spectroscopy (XPS) assays approximately 50 nm at the surface of a particle. XPS was obtained on the DEP using a Physical Electronics model 5400 ESCA system with a hemispherical sector analyzer and a magnesium anode x-ray source. The energy scale of the instrument was calibrated to the gold 4f7/2 peak at 83.8 eV and the copper 2p3/2 peak at 932.6 eV. Samples were pressed into squares of indium foil, mounted on a standard sample probe, placed in an introduction chamber, and turbo-pumped at 10-6 torr for 10 minutes before the sample was moved into the main vacuum chamber. The pressure in the ion-pumped main chamber was maintained at 10-1 to 10-9 torr during data acquisition. The spectrometer pass energy was 40 eV. Each spectral region was signal averaged for 10 to 20 scans.
Ionizable concentrations of metals were also measured using ICPES. Ten milligrams of diesel was agitated in 10.0 ml 1.0 N HCI for 1 hour, centrifuged at 3,000 x g for 10 minutes, and the supernatant assayed for iron (X -Ferritin concentration in lavage fluid. Slot blots for ferritin were accomplished using a 1:2,OOO dilution of rabbit anti-human ferritin antibody. Band optical densities were quantified using a Millipore Digital Bioimaging system. Results are expressed as &dquo;fold in-crease&dquo; relative to those animals instilled with saline. Instillation of the particle was associated with an elevation in ferritin concentrations in the lavage fluid. *Significantly increased relative to animals instilled with saline. search Laboratory, US EPA (Research Triangle Park, NC). Animals were housed in temperature-and humiditycontrolled rooms and were fed a standard diet (Rat Chow 5001, Ralston Purina, St. Louis, MO). Food and water were available ad libitum. Sixty-day-old (250-300 g) male Sprague-Dawley rats were exposed to either saline or DEP (n = 12/exposure). After anesthesia with 2-5% halothane (Aldrich Chemicals, Milwaukee, WI), either 0.5 ml of normal saline or 500 [Lg diesel particles in 0.5 FIGURE 3.-Non-heme iron in lung tissue. Tissue iron concentrations were measured using ICPES (X = 238.204). Lung was hydrolyzed in a solution of 3N HCI and 10.0% trichloroacetic acid (0.10 g lung:1.0 ml) at 70°C for 16 hours prior to measurement of metal. After particle exposure, lavage concentrations of iron were elevated. *Significantly increased relative to animals instilled with saline. Immunohistochemistry for ferritin in lung tissue. Staining for ferritin was accomplished using a 1:100 dilution of rabbit antihuman ferritin antibody. Instillation of the particle was associated with an elevation in ferritin staining, which is evident as brown to red color in the lung (A, -x400). This accumulation of the storage protein was in the tissue contiguous to the particle, but no increased expression was evident in lung without deposited DEP (B, -x200). ml saline was tracheally instilled. This exposure was repeated 3 times per week (Monday, Wednesday, and Friday) for 2 weeks. Seventy-two hours after the last exposure, rats were again anesthetized with halothane, euthanatized by exsanguination, and either had the lungs resected (4/exposure) for assays and fixation (10% formalin) or were tracheally lavaged. Lavage was used as a result of an association between quantities of cellular and noncellular components measured in this fluid and concentrations in the lung tissue. The volume of saline in-jected was determined from published allometric equations and equaled ~-90~10 of the total lung capacity (35 ml/kg of body weight). Saline was withdrawn after a 3second pause, reinjected an additional 2 times with similar delays, and then stored on ice.
The total cell count in lavage fluid was determined using a Model F Coulter Counter (Coulter Electronics, Hialeah, FL). Employing a modified Wright's stain (Diff-Quick stain; American Scientific Products, McGaw Park, IL), neutrophils were enumerated by counting 200 cells FIGURE 5.-Ascorbate concentrations in rat lavage. Ascorbate was measured using high-performance liquid chromatography with electrochemical detection. Concentrations were significantly diminished in rats exposed to the diesel particle relative to those exposed to saline. *Significantly decreased relative to animals instilled with saline.
per animal at a magnification of X400, and values were expressed as the percentage of total cells recovered. Lavage protein was determined using the Pierce Coomassie Plus Protein Assay Reagent (Pierce, Rockford, IL). This assay was modified for use in the Cobas Fara II centrifugal spectrophotometer (Hoffman-LaRoche, Nutley, New Jersey). Bovine serum albumin served as the standard. Lactic dehydrogenase (LDH) concentration in the lavage fluid was also measured using a commercially prepared kit (Sigma Diagnostics), as modified for automated measurement (Cobas Fara II centrifugal analyzer).
Total Iron Concentrations in Lavage. Concentrations of total iron in the lavage supernatant were quantified using ICPES (X. = 238.204). Standards included ferric chloride in 1 % HCI.
Non-heme Iron in Lung Tissue. Non-heme iron concentrations in lungs were measured after precipitation of hemoglobin. Tissue disintegrates during incubation in 3 N hydrochloric acid and 10% trichloroacetic acid. The separation of heme from non-heme iron is possible because the heme molecule is very resistant to acid hydrolysis. It precipitates and is sequestered in the residue. A clear extract and a small residue result.
Lung tissue was hydrolyzed in a solution of 3 N HCI and 10.0% trichloroacetic acid (0.10 g lung:1.0 ml) at 70°C for 16 hours. Although it is not usually necessary, the hydrolyzed lung tissue was centrifuged at 1,200 x g for 10 minutes. Iron in the supernatant was measured in duplicate using ICPES (X = 238.204). Standards included ferric chloride in 3 N HCI and 10% trichloroacetic acid.
Slot Blots for Ferritin. Aliquots of lavage fluid containing 10 pLg protein were vacuum slot blotted onto 0.45mm nitrocellulose (Schleicher and Schuell, Keene, NH) in a saline buffer containing 100 mM Tris (pH 8.0). The blot was allowed to air-dry, blocked with 5% powdered milk for 30 minutes, and then incubated (overnight at 4°C) with a 1:2,000 dilution of rabbit anti-human ferritin antibody (Dako Corporation, Carpinteria, CA) in 5% dry milk. The reactivity of the anti-ferritin antibody to rodent protein had previously been determined (10) . The blot was washed in phosphate-buffered saline-Tween 0.05% and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG in 5% dry milk for 1 hour. Detection was accomplished on film using enhanced chemiluminescence reagents, as per manufacturer's instructions (Amersham Corporation, Arlington Heights, IL). Band optical densities were quantified using a Millipore Digital Bioimaging System (Bedford, MA).
Immunohistochemistry for Ferritin. Tissue sections were cut at 4 lim, floated on a protein-free water bath, mounted on silane-treated slides (Fisher, Raleigh, NC), and air-dried overnight. The slides were heat-fixed at 60°C in a slide dryer (Shandon Lipshaw, Pittsburgh, PA), deparaffinized, and hydrated to 95% alcohol (xylene for 10 minutes, absolute alcohol for 5 minutes, and 95% alcohol for 5 minutes). Ferritin was then stained using previously described methodology (11 Lavage Aldehydes after DEP. For a determination of oxidative stress only, 60-day-old male Sprague-Dawley rats were exposed to either 0.5 ml saline or 500 p,g DEP in 0.5 ml saline (n = 4/exposure). One hour after the instillation, the animals were tracheally lavaged. The fluid was immediately centrifuged (600 x g for 5 minutes at 4°C) to obtain cell-free supernatants. Carbonyls in 5.0 ml lavage fluid supernatant were derivatized (to hydrazones) with 1.0 ml 2,4-dinitrophenylhydrazine solution (0.125% in acetonitrile) and vortexed. Detection of the adducts was by gas chromatography-mass spectroscopy, as previously described (36 (5) . Two-tailed tests of significance were employed. Significance was assumed at p < 0.05.
RESULTS
Characterization of the DEP confirmed a high concentration of carbon, whereas oxygen, hydrogen, nitrogen, sulfur, and metals were lower in quantity (Table 1 ). Similar to mineral oxides, diesel could present oxygen-con- taining functional groups with a capacity to complex iron.
XPS demonstrated ratios of oxygen to carbon and of C=O to C-O-C equal to 0.4 and 1.0, respectively. This supports an increased concentration of oxygen at the surface relative to the remainder of the particle. Oxygencontaining functional groups at the surface of the particle (eg, carboxylates, aldehydes, ethers, and alcohols) could either present metals to the lung or coordinate and accumulate endogenous iron and subsequently disrupt its normal equilibrium in the lower respiratory tract. Ionizable concentrations of metals associated with the DEP indicated that zinc, iron, and copper were elevated relative to vanadium, nickel, and manganese ( Table 2 ).
The concentration of total iron in the lavage fluid of animals instilled with saline was low, but this value increased with exposure to diesel particle (Figure 1 ). The state of the extracellular iron in the lavage fluid was not determined, but it could possibly include storage in ferritin, complexation by glycoproteins such as transferrin and lactoferrin, and coordination by smaller molecularweight ligands such as citrate. Using slot blots, ferritin concentrations in the lavage fluid of those animals exposed to diesel particles were increased relative to values observed in saline-exposed rats (Figure 2 ). Comparable to the lavage concentration of iron, quantities of nonheme iron in lung tissue were similarly elevated after instillation of the diesel product (Figure 3 ). The pool in which this tissue iron existed was also not defined, but storage of the metal in ferritin is possible. Uptake of the antibody to ferritin in the tissue was focal and was localized to those areas immediately adjacent to particles sequestered in the lung ( Figure 4A ). The expression of ferritin was not elevated in any area of distal lung that was devoid of diesel particle ( Figure 4B ).
To assess the oxidative stress in the lower respiratory tract after exposure to the DEP, lavage concentrations of low-molecular weight antioxidants were measured. The instillation of DEP was associated with a decrease in the concentration of lavage ascorbate (Figure 5 ). There were no differences in urate and glutathione concentrations in the lavage fluid between those animals exposed to particle and those exposed to saline. Similarly, aldehydes in the lavage fluid, which can reflect lipid peroxidization, were not increased after particle instillation (relative to values seen following saline exposure).
The expression of mediators associated with lung injury can be influenced by metal-catalyzed oxidants (6) . Animals instilled with diesel particles had elevated concentrations of the inflammatory mediators MIP-2 and TNF, relative to concentrations in animals exposed to saline ( Figure 6 ). These substances are chemotactic for neutrophils, and this specific cell type increased in percentage after exposure to DEP (Figure 7 ). In addition, the total cell count was significantly increased after diesel exposure, relative to saline instillation (3.85 ± 1.09 X 105/ml and 1.46 ± 0.39 X 105/ml, respectively). An injury after particle instillation was evident, with an elevation of lavage protein and LDH following exposure (Figures 8A, B) . The vast majority of particle was found in macrophages that were present in alveolar spaces (Figure 9 ). Adjacent to deposits of particles, there was significant hypercellularity and a prominent influx of inflammatory cells (Figure 9 ). Finally, a focused accumulation of collagen was evident in the areas immediately contiguous to sequestered DEP (Figure 10 ).
DISCUSSION
Pigmented particles can be present in the lungs of most, if not all, individuals living in industrialized soci- -Percentage neutrophils in lavage fluid of animals exposed to DEP and saline. Neutrophils were enumerated, and values were expressed as the percentage of total cells recovered employing a modified Wright's stain (Diff-Quick stain). Following exposures to diesel particles, percentage neutrophils were significantly elevated.
eties. The quantity of particles can be proportional to the concentration of carbonaceous material in the atmosphere (18) . In the urban environment, this condition can result in the accumulation of a significant quantity of particles, and this presentation of the lung has been termed &dquo;pulmonary anthracosis&dquo; (18) . At autopsy, these particles can be found in macrophages, alveoli, interstitium, lymphatics, and respiratory epithelial cells (23) .
DEP is a major constituent of total suspended particulate, PM1o, and PM2_5 (3, 8, 26, 34) . It is a chain aggregate of very small spherical, carbonaceous particles with a mass median aerodynamic diameter (MMAD) of 0.1 to 0.5 [Lm. The primary particles have a diameter of 10 to 80 nm, and the nonextractable fraction (50-95%) resembles carbon black (23) . There are absorbed quantities of trace metals and organic compounds (16, 32) .
Exposure to DEP can be associated with numerous health effects, including respiratory symptoms (cough and phlegm), bronchoconstriction, transient declines in ventilatory capacity, eye and nasal irritation, potential development of chronic obstructive pulmonary disease, and lung cancer (23, 24, 27, 31, 35) . The mechanism of toxicity of DEP is not known, but this mechanism has been proposed to be a transportation of irritating substances by the particles into the lung, where these substances exert their effects (37) . The characterization of the diesel we employed in this investigation confirmed that the particle is predominantly carbonaceous, with low ionizable concentrations of metals. These concentrations of metals are low relative to other air pollution particles (12, 29) . XPS verified that the DEP has surface functional groups that contain oxygen. Ferric ion has a high affinity for oxygen donor ligands, including carboxylate groups (13) . Host iron can react with these functional groups at the surface of retained DEP, thereby creating a coordination complex. Subsequently, iron will accumulate at a site of particle deposition. The measurement of iron in both the lavage FIGURE 8.-A, B) Lavage protein and LDH concentrations in animals after exposure to either DEP or saline. Lavage protein was determined using the Pierce Coomassie Plus Protein Assay Reagent, whereas LDH was measured using a commercially prepared kit. Concentrations of both protein (A) and LDH (B) were elevated following exposure to the particle. *Significantly increased relative to animals instilled with saline. fluid and lung tissue revealed increased concentrations after instillation of diesel particles, which supports an accumulation of endogenous iron. Appropriate calculations demonstrate that it is impossible to account for this elevation in lavage and tissue iron concentration by the iron content included in the DEP alone. This iron is likely to have originated from host sources included in low-molecular weight chelates such as ATP, ADP, and free amino acids.
The lack of any pliancy in the surface of a particle predicts that placement of electrons into the symmetrically located coordination sites around iron would be incomplete after its complexation. Iron with at least 1 free or labile coordination site can mediate electron exchange via the Fenton reaction. Therefore, iron complexed to the surface of DEP is predicted to catalyze a generation of oxygen-based free radicals. Reflecting this potential oxidative stress, the concentrations of the low-molecular weight antioxidant ascorbate (in the lavage) significantly decreased after exposures to diesel particles. Ascorbate is unstable in the presence of transition metal cations (15) , and decrements in the lavage fluid likely indicate a consumption of the antioxidant molecule, which occurs with the accumulation of iron following diesel particle instillation. In contrast to these results, exposure to DEP was not associated with an increase in aldehydes, which are products of lipid peroxidation. This disparity in the re-sults of ascorbate and aldehydes may suggest that the antioxidative defenses of the rat lung, including vitamin C, could be adequate to prevent lipid peroxidation catalyzed by the increased concentrations of iron after diesel particle exposure.
DEP has previously been demonstrated to present an oxidative stress to both cells and tissues. These particles generated superoxide and hydroxyl radical in vitro (32) . In addition, DEP can inhibit the activity of antioxidant FIGURE 10.-Trichrome stain for collagen of lung tissue. A focal deposition of collagen is evident as bluish green color in the lung tissue immediately adjacent to retained DEP &horbar; X200. enzymes, including superoxide dismutase, catalase, and glutathione peroxidase (19, 25) . Furthermore, the cytotoxicity of DEP on cultured cells can be inhibited with treatments of the antioxidant enzyme catalase and the metal chelator deferoxamine (16) . Finally, lung injury and mortality in mice can be decreased by pretreatment with an antioxidant enzyme (17, 25, 32) . The results of these previous investigations as well as those of the present study all implicate oxygen-based radicals in damage after both in vitro and in vivo exposures to diesel.
Mediators that participate in the inflammatory response, MIP-2 and TNE were both elevated in the lavage fluid of rats exposed to diesel particles. The release of such inflammatory mediators has been associated with exposure to oxygen-based free radicals (6) . Similarly, mediator expression and release after in vitro exposure of cells to an emission source air pollution particle results from metal-catalyzed oxidants (4) . This increase in MIP-2 and TNF after instillations of particles can be the result of an exposure of the lower respiratory tract to metalcatalyzed oxidants, since cellular expression of these mediators can be controlled by oxidant-sensitive promoters, including NF-KB (14) . The specific cell responsible for the elevated generation of mediators was not identified. The in vitro exposure of airway epithelial cells to DEP signals a release of mediators that can coordinate the inflammatory response, thus providing evidence that these cells may be a primary target for these particles (2, 34) . In addition to epithelial cells, the alveolar macrophage has also been demonstrated to release inflammatory mediators after exposure to diesel particles (38) .
A release of proinflammatory cytokines in animals instilled with DEP predicted a neutrophilic inflammatory response and injury, since some portion of tissue damage after exposure to oxidants can be mediated by a release of products by these cells (eg, proteases). Histology confirmed a neutrophilic incursion and edema in animals instilled with diesel particles, whereas lavage protein and LDH concentrations were also elevated after exposure. A neutrophilic influx, edema, and cell hyperplasia have been described to be prominent features of injury after DEP exposure (17) . Previous study has also focused attention on a focal fibrosis (21) , which was also demonstrated (by trichrome stain) to occur in this animal model.
After their deposition in the lower respiratory tract, the diesel particles were associated with an accumulation of ferritin, both immediately contiguous to the particle and in the lavage. Such a relationship between carbonaceous particles and iron has been delineated for particles of either occupational or environmental origin (28) . Whereas the surface of the DEP has the capacity to complex iron, and therefore to effect an accumulation, the host appears to respond with continued attempts to sequester and detoxify the iron. It does so by employing ferritin, which will accumulate immediately adjacent to the particle. The product is recognized histologically as a ferruginous body, which comprises the particle and the accumulated ferritin that is contiguous to the particle. This formation of ferruginous bodies likely functions to protect the host by diminishing the oxidative injury mediated by iron complexed by a particle.
We conclude that DEP contains surface functional groups with the capacity to complex host iron. Iron accumulated in the lower respiratory tract and an oxidative stress both resulted, which supports the ability of the metal to catalyze electron transport. Oxidant-sensitive mediators were released by cells resident in the lower respiratory tract, and both a neutrophilic incursion and an injury followed. The host response included an attempt to sequester the iron away from the DEP, using ferritin to store the iron in a biologically less-reactive form.
